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ABSTRACT 
Clock rynchroniration uhemer utiliring microwave rignala that piua througa the earth'r otmorphere are ultimately 
limited by our ability to correct for the variable delay imporad by the atmorphere. The atmorphere in non-dirperrlve 
at micr~:wave frequenciw and imp- a delay of roughly 8 nanow timw the corecant of the elevation angle. Thin 
de!+y ir c o m p d  of two putr,  the delay due to water vapor moleculem (i.e. the 'wetm delay), and the delay due to all 
other atmorpheric conrtituentr (i.e. the ,drym delay). Water vapor contributar approximately 5 to 10% of the total 
atmoopheric delay but in highly variable, not well mixed, and dimcult to atimate from surface air meauremmk. 
However, the technique8 of parsive remote ~ n r i n g  uring microwave rldiometry can be urad to ertimate the line of 
right delay due to water vapor with potential accuracier of 1C to 20 picom. The device8 that are u d  an, called 
water vapor radionetem and rimply mearure the power emitted by the water vapor molecule at the 22.2 GHs r p e c t d  
line. An additional power mearurement ir urually included at 31.4 GHs in order to compenrate for the effect of liquid 
water (e.g. cloudr). The dry a tm~phere  ia generally in lomethin< clors to hydrortatic equilibrium and itr delay 
contribution at renith can be artimated quite well from a rim 1s barometric meulrremmt. At low elevation anglw 
one muat compeute  for refractin bending and pomible rul)atiow in the vedical refractivity pmdle. With cam 
thwr e l u k  can be wtimatod with ucuracla on the order of 30 rdc- down to elevation anal- of 10 d e p .  
I. INTRODUCTION 
During the past decade we have witnessed a steady improvement in our ability to synchronire clockr on 
a global basis. Techniqnes such as Very Long Baseline Interferometry (VLBI) or any of several schemes 
that utilise earth orbiting -atellites such as the Global Positioning System (GPS) offer the prospect of 
subnanowcond clock and frequency comparison. Atmospheric erron have not b u n  a major contributor 
to the error budget in these techniques but as we approach the nanc~econd (ns) level of accuracy, aa our 
btrumentation and experimental technique improves, the atmospheric delay effects begin to take on the 
upect  of a limiting error source (Rwch,1980). Thin paper is intended to quantify the magnituda of thew 
atmospheric effects a t  microwave frequencies and review the extent to which they can be reduced with 
technology that is currently available. 
II. ATMOSPHERIC DELAY 
At microwave frequencies it is a good approximation to consider the atmosphere to  be non-dispersive. An 
elemental volume cf air ie characterired by it8 kdex  of refraction n(s), so &hat the total delay experienced 
by a signal from an extraterrestrial nource (neglecting bending) is; 
rArw = n(l)/cdl (1) 
Where c in the vacuum speed of light and the integral is evaluated along the ray path L whose line element 
m dI. It b convenient to define a parameter N, called the refractivity, that is a measure of the departure of 
the index of refraction from unity. 
N = (n - l)10' (3) 
We can now write the 'extra" delay imposed by the atmospl~ere (i.e. over and above the geometric delay) 
U. 
AT = lo-' N(l)Jl/r (9) 
If we are trying to syuchronire clocks by observing an extraterrert.ria1 source then the entire problem of 
accounting for atmospheric effects reduces to estimating this simple integral. 
Uning the molecular properties of atmospheric conbtituents it is podble  to  derive an analycic expreuiom for 
Bean and Dutton, 1988). A simple formulation for the refractivity h u  been given by Smith 
N = 77.6(P/T + 4810c/~') 
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Where, T is the temperatun ic Kelvin (K), P the r o t d  premure in millibai (mb), and e is the partial 
pressure of water vapor in mb. This expression is accurate to  0.5% over the range of temperature, pressure, 
and vapor content normally found in the atmosphere. Note that the refractivity call be decomposed into 
two components. One component we call the 'wet' component because it depends primarily on the density 
of water vapor (i.e. a polar molecule), and the asher we call the "dry* component in which we lump the 
e!fects of ail atmospheric gases (including water vapor) but is dominated by the most abundant molecules 
of oxygen and nitrogen. 
Hence, the atmospheric delay correction is simply decomposed into two separable problems. Ueing elementary 
definitions, the dry and wet atmospheric delay corrections can be written as; 
where pD is the density of dry air, p, ia t,he vapor density, and T is the temperature. Estimating the dry 
delay is equivalent to evaluatil?g the integrzl of the Cry air density along the ray path. Estimating the wet 
delay is equivalent to evaluating the integral that contains the vapor density divided by the temperature, 
again along the enti-e ray path. 
111. ZENITH DELAY VALUES AND MAPPING FUNCTIONS 
At sea level under average conditions the total atmospheric delay a t  the renith is approximately 8 ns. The 
dry atrnsspheric delay at  the zenith ia just a bit less than 8 ns and is dominated by the gaseous form of oxygen 
and nitrogen. These components are well mixed throughout the atmoephere and hydrostatic equilibrium ia 
a reasonable approximation. The wet delay ia highly variable and can range from practically rero up to 1 ne 
a t  the renith. Although the wet delay contributes less than 10% of the total atmospheric delay it dominaten 
the variaklity and will take 99% of your effort should you require its accurate calibration. 
The reason tha: the wet delay is ouch a problem lies in the fact that water is not a well mixed atmospheric 
co~atituent,  it occurs b all three phases (solid, liquid, and gas). The mixrng ratio ia driven primarily by 
thermal processes in the lower atmosphere which means that it is dificult to estimate the wet renith delay 
using mly surface meteorological measurements. Nevertheless, one can model the water vapor and estimate 
a renith delay. The problem with water vapor model ia the accuracy of the resulting estimate which must 
be judged in the context of the goals for a particular experimeut. Depending on how a set of observations 
is constructed, it may be possible to solve for the senith values of atmospheric delay with higher confidence 
tt m is afforded by a model. 
If you have ever tried to synchronite clocks with VLBI or by using satellites you will have noticed that the 
sources are never at  the senith. Zenith vdues of the delay correction must be mzpped co the line of sight to 
the radio source. If we assume that the atmospherc: ia homogeneous and plane-layered, then the delay along 
an arbitrary line of sight (LOS) ia simply, 
A r ~ o s  = AT= csc E (7) 
where AT, is the renith delay and E is the elevation angle (azimuthal symmetry is implied in the assumption 
of h~rno~eniei ty) .  This simple cosecant mapping function is generally quite adequate for elevation angles 
greater than 20 degrees Of course the error in the zenith delay is also multiplied by the cosecant of the 
elevation angle, hence the premiurr ur: obtaining an accurate value of the zenith delay. For clocks that .re 
separated by large distance; it is nob practical to restrict elevatian angles to greater than 20 degrcer. 
If equation (5) is evaluated along a renith ray path we see that it 18 simply the mass of air in a vertical 
column and can be measured with a barometer. If the total renith delay at  sea level is roughly 8 ns then 
an error of 1 mb in the barometric meaeurement corresponds to a delav error of 8 picosecond (p). If we 
aasurne an elevation angle cutoff of 6 degrees, the line of eight atmospheric delay ia appro~imately 80 ns 
(corresponding to 10 airmasses) and a 2 mb barcmetric measurement accuracy would map to 160 p of line 
of right delay error. Thus, with reasonable care of our barometer we can neglect measurement erron. 
Much larger line of sight delay errom a r k  from three effects; 1) both the atmosphere and the ray p.th 
u curved, 2) errom in estimating the renith vapcr delay, and 3) the real atmosphere in not homogr~ooor. 
If m we the aimple ma ping function m will make a 8 or 7 nr error at a 6 degree elevation becauoe we 
M not uco rn t  for e u t  i cumatwe or ra bending. Vuiatiow in the real atmorphsnr and mibmodeling 
rill account for another 1 or I nr arror independent 01 the mapping function. Using a furction 
rlig tly more complicated than the colccant we can take into account earth curvature and ray bending :ny="p" 
an reduce that portion of the error to  leu than 1 nr. Them u e  long-term variation8 in the atmosphere 
u w n d  effectr) that crr. he modeled, included with the mapping function and can remove perhaps 0.5 nr h, m the vuiable portion of the atmorphere. Finally, we u e  left with roughly 1 ns of variations that cannot 
be modeled but can be atimsted uring remote sensing to the 0.1 ua level down to 10 degree elevation. 
Them we at least a half-dosen msppin functionr from vuiour authom that account for atmospheric and ! ray path curvature at low elevation ;ng er. In general they are remi-empirical formulae. In order t o  derive 
.n improved ma~p ing  function one typically rtartr with rome avua  e profile of the refractivity, w u m u  
horirontd homogeniety, performs ray-trace calculationr at variour e 1 evation angles, and then notes that 
the delay as a function of elevation an le can be approximated by an analytic function containing a few 
parametere. Figiue 1 compares rome of t !ie moot popular mapping funct~onr with actual ray trace calculationr 
do- to an elevation angle of 6 degrau. Shown are mapping functionr from Lanyi (1984), Black (1978), 
Black and E h w r  (:984), Chao (1974), Marini and Murray (19731, and Swtamoinea (1972). 
The ray trace calculations that are uaed in Figure 1 as the 'truthw are in fact baaed on the assumption of 
homogenieity. Bending of the ray path will depend upon tho vertical denrity profile. Water vapor variatiow 
dominate the variation8 in the density rofile and will exhibit variations on several timeticales and may even 
exhibit horisontal gradients that are dnven either by local topography or meaoncale weather patt-. If 
vertical soundings of temperature and relative humidity are available for a particular observing site then it 
b pouible to identify the low frequency fluctuating compo;l:?tr (e.g. reuonal variations) and incoqdrate 
them into the mapphg function. 
All of thcw mapping functicns shown in Figure 1 offer rignificant improvemellt o\er the simple cooecuit 
mapping. The most recent, by Gabor Lanyi at JPL has the distinct advantage of agreeing with ray trace 
crkulatiom to  better than 10 pa dawn to elevation angles of 6 degree. Lanyi'n lilapping function together 
with improved estimates of seasosal variability in now being tested on 7 yeam of VLBI data taken between the 
rtations of the Deep Space Network. Preliminary indications are that thin new mapping function exhibik 
one of the eought after qualities of accurate atmospheric delay correction - it improvts the repeatability 
between experiments. 
Ilr mentioned earlier, the wet delay can also be modeled. Modeling is of c o m e  the least expensive method 
to account for atmospheric effects eo there is a great deal of fiscai motivation to  use them whenever poaeible 
and there in a plethora of models that can be used with varying degreea of statistical auccesa to estimate the 
wet atmospheric delay. Berman (1976) h a  dincuseed oeveral of these models. In general, one starts with 
the anaumption that the vertical rofile of vapor density L described by an analytic function, measure the 
rurface value of vapor density, an 1 ure the model to  estimate the senith delay. The typical accuracy that b 
achievable ia on the order of 100 pa at the senith which translates to a 1 ns error at an elevation angle of 6 
d m .  
It i m  eometimes pmible to  structure an experiment so that i t  is possible to  w!ve for the senith delay. In 
thh cue ,  if one uses a good mapping function it in only the departures from homogenieity and temporal 
variations of the atmosphere that u e  error sources. If it is not poesil?le to solve for the senith delay and high 
accuracy is a requirement then one must directly estimate the line of sight vapor content. The technique 
that can be used falln in the category of paaaive remote sensing and is based on the fact that the water vapor 
molecule radiates weakly at the microwave frequency of 22.2 GHs. If the molecule is locked in the solid or 
liquid state the transition L inhibited eo the spectral line in a direct indicator of water vapor. The technique 
hu been reviewed by Hogg c t  d. (1983) and by Reach (1984) and will only be outlined here. 
Figure 2 shows what an ideal radiometer would measure if it observed the senith through a rtandard atmo- 
r here between the frequencies of 10 to  300 GHs. The intensity or power level of the received rodlation b 
r I own along the vertical scale and is given in units of Kelvin which in a measure of the brightnesr temperaturn 
- the tempvatwe that a black body would have if the black body were to replace the atmorphere and to 
deliver an equivalent amount of power to the radiometer. The lower curve shows the spectrum when t h m  
ie no water vapor in the atmos2here and the upper c w e  Is drawn for the caee of a precipitable vapor of 2 
gm/cma. You nee aeveral spectral feature between 10 and 300 GHs, one of which in the 22.2 GHr line from 
water vapor that was just mentioned. Under the assumption of low total absorption (i.e. less than 3 db) the 
strength of the line b proportional to the total amount of water vapor along the line of sight. In equation (6) 
we raw that the wet path delay can be cast into a form thalt very much resembles the integral of the vapor 
deroity along the line of right. Thie meuu  that we can we a radiometer operating at a frequency n e u  22.3 8 
C h  to memure the intensity of radiation and develop an algorithm to then w e  the measurement i. ordrr. 
to estimate the wet path delay. Unfortunately, nature d w  not let ru off quite that ~euily. 
Figure 3 rhows the effects on the brightneu temperature of liquid water wumed  to exkt w very small 
droplek rimilar to what exirk in a cloud. TLL rhowr the brightneu spectrum of the atmosphere for three 
c w r :  1) na vapor and no liquid, 2) 2 gm/em' of vapor and no liquid, and 3) 2 gm/cm' of vapor and 0.1 
gm/cm'.of precipitable liquid. ~ h k - a m o u n t  of liquid water haa negligible effect on thd delay but you can nee 
that it has a very large effect on the measurement of the brightness temperat-lre. We can either be content 
with a single channel radiometer that will operate on!y under clear sky conditions or we can add a second 
radiometer operating at a frequency off the water vapor line and use the second measurement along with 
the 6mt to  simultaneously estimate both the water vapor and liquid in the atmosphere. One can look at the 
rccond channel as the price you must pay in order to operate in both clear and cloudy conditions. 
Instruments that are capable of estimating the line of sight delay have been described by Girard e t  d. 
(1979) and by Resch c t  al. (1982). The absolute accuracy of the technique over the dynamic range that 
k experienced in the real atmosphere in addressed in Figure 4 (Resch, 1984) by comparing the amount 
of atmospheric water determined by two independent techniques. Along the vertical axis is plotted the 
wet delay that was inferre2 from an instrumented aircraft measurement. The aircraft carried a package 
of instruments that measured temperature, pressure, and relative humidity and flew predetermined flight 
paths that approximated various lines-of-sight through the atmosphere. The measurements were recorded 
and later converted to vapor density and iniegrated to obtain wet delay. The horizontal axis shows the vapor 
delay u determined by a water vapor radiometer (WVR) operated during the aircraft flight pointing along 
the flight path. The rms scatter of roughly 50 pa k the quadratic sum of the errors in both measurement 
techniques. If we rather generously assume that the errom in the aircraft measurement ware on the order of 
10% of che total delay then we can infer that the accuracy of the WVR is about 30 pa in the delay domain. 
Sirnulation calculationa suggests that the theoretical limit of performance for the WVR is approximately 10 
ps 
Figure 5, taken from Resch e i  nl. illustratee the precision of two WVRs operating along with ;n interferometer 
in the Very Large Array located in New Mexico. The experiment was unusual in two respects. First, the 
baseline is only 7 km long 3r.d we would normally expect the atmoephere to be well correlated over that kind 
of separation however the data was taken during the summer when there was thunderstorm activity in the 
area md the atmosphere wba very dynamic. Secondly, this is not a VLBI experiment, we were comparing 
ihe V!VRs with a connected element inkerferometer whose phase stability is on the order of a few ps over 
a neveral hour period. The dotted line ehows the interferometer phase in delay u n ~ t s  as a function of time 
and the eolid line shows the resulting phase after corrections were applied from the two WVRY. The rms of 
the corrected haae is approximately 20 ps and corresponds to the expected noise levol of the WVRs in this 
observing mo 1 e. Although this is an unusual event on a 7 km we can speculate that :t my not be quite so 
unusual in the uncorrelated atmospheres that one would find using 1000 or 10,000 km banelines. The data 
indicates that large delay cha~ges are possible in relatively short time periods, and the delay changes are 
indeed dominated by water vapor. Used properly the WVR k capable of trackwg the vapor delay changes 
with a preckion of a few pa. 
IV. SUMMARY 
UriPg a eimp!e barometer to measure the ourface presscre, a thermometer, something to measure surface 
water vapor dezsity, and a model, we can estimate the tenith delay and then use any of a half-doaen mapping 
functions to aatimate the delay along the line of sight. If we uae a model for the atmoephere that can remove 
a portion of the dynamicc we can achieve a 1 ns delay accuracy at elevation angles of 6 degree. If the 
experiment is structured properly it is possible to solve for the aenith delay and reduce the atmospheric 
delay error to  leae than 1 ns. 
If we wish to improve on this capability we must estimate the line of sight vapor delay. An instrument to 
make accurate meaeuremel~te of atmospheric brightness temperature at two frequencies near the 22.2 GHr 
rpectcal line is called a water vapor radioxreter and will cost about $150K. Someone will have to maintain 
and operate it, and someone will have to artalyse the data it prod~~cea. For the eflort one can anticipate 
roughly an order of magnitude: improvement over models. 
Ackl:owled menk: The research dcreribed in thk  paper w u  performed by the Jet Propubion Laboratory, 
Cd io r r i a  L t i t u t e  of Technology, under contract w ~ t h  the National Aeronautics and Space Adminkt r~ ion .  
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QUESTIONS A N D  ANSWERS 
NICHOLAS Y A N N O N I :  Th i s  p a r t i c u l a r  q u e s t i o n  migh t  be anzwered b e s t  
by y o u ,  J a c k ,  o r  p e r h a p s  by t h e  s p e a k e r .  I wou ld  l i k e  t o  have  a  
qu i ck  c o m p a r a t i v e  s t a t e m e n t  o f  t i l e  d o m a i r s  o f  c o r r e c t i o n  t h a t  h a s  
been a d d r e s s e d  by t h e  speaL2rs .  These a l t i t u d e  domains ,  o r  l i n e s  
o f  d e m a r c a t i o n  where t r o p o s p h e r i c  e f f e c t s  domina t e  i o n o s p h e r i c  
e f f e c t s .  I  know t h a t  t h e s e  e x i s t ,  and  w o s l d  l i k e  t o  h a v e  a  
b a l l p a r k  s t a t e m e n t  abn1:t them. 
M R .  K L O B U C H A R :  L e t  me s a y  a  f ew  w a r d s  a b o u t  t h e  i o n o n p h e r e .  1: 
t h ' n k  t , i a t  t h e  GPS L - 1  f r e q u e n c y  i s  p r o b a b l y  a  r e a s o n a b l e  
d e m a r c a t i o n  l i n e .  T h e r e  a r e  t i m e s  when t i l e  t o t a l  z e n i t h  t i m e  
d e l a y ,  d u e  t n  t h e  i o n o s p h e r e ,  n i g h t  b e  o f  t h e  o r d e r  o f  a few 
nano:,econds, bay f i v e  t o  t e n  nanoseconds .  
L e t  me a s k ,  e i t h e r  George  o r  Ed, t h e  ~ e n i t h  : me d e l a y  due  
t o  t h e  a tmosphere  would be  how much? 
VOICE FROM A U D I E N C E :  Nine t o t a l .  
M R .  K L O B U C H A R :  About t h e  same.  However ,  t h e y  c a n  mode l  t h e i r s .  
The v a r i a b i l i t y  o f  L!le t r ? p o s p h e r e  i s  wha t ,  a  few p e r c e n t ?  
V O I C E  FROM T H E  A U D I E N C E :  Ter~ p e r c e n t .  
M R .  K L O B U C f i A R :  Is t e n  p e r c e n t  t h e  h i g h e s t ?  
VOICE: T h a t ' s  maximum. 
M R .  K L O B U C H A R :  Yhereas  t h e  : , . i a b i l i t y  o f  t h e  i o n o s p h e r e ,  d u r i n g  
t h e  n i g h t t i m e ,  when t h e  t o t a l  d e l a y  i s  f i v e  t o  t e n  r l a r l o s e ~ - t ~ ~ : d s ,  
i s  v e r y  h i g h .  I t  may be  40 o r  5 0  p e r c e n t .  i t  d e p e n d s  cjn t h e  
regio11 of t h e  world you a r e  i n .  
That  i s  s t i l l  abou t  where the:y become e q u a l .  There  a r e  t i m e s  
when t t l e  i o n o s p h e r e  i s  s e v e r a l  o r  many t e n s  o f  n a n o s e c o n d s  a t  
L-1, f o r  i r s t a n c e ,  and %he  t r d p o s p h e r e  n e r e r  g e t s  t o  many t e n s  o f  
n a n o s e c o n d s ,  d o e s  i t ?  I t h i n k  t h a t  you h a d  s o m e t h i n g  l i k e  100 
nanoseconds ,  d i d n ' t  you, o r  100 f e e t  o f  e r r o r ?  
M R .  ALTKSULER: The l a r g e s t  e r r o r ,  r i g h t  on t h e  h o r i z o n ,  i s  l i k e  
100  m e t e r s ,  b u t  when you g e t  up t o  f o u r  o r  f i v e  d e g r e e s ,  i t ' s  
more l i k e  100 f e e t .  Ycu a r e  t a l k i n g  abou t  a  maximum ~ f  100 nano- 
s econds ,  at, f o u r  o r  ~ ' i v e  degrees .  
M R .  RESCfi: I t ' s  a l s o  s t r o n g l y  f r e q u e n c y  d e p e n d e n t .  Wi th  GPS you 
have  t w o  f r e q u e n c i e s ,  s o  you h a v e  a h a n d l e  c n  c a l i b r a t i n g  t n e  
i o c o s p h e r e  t o  some l e v e l ,  pe rhaps  a s  good a s  a 'ew c e n t i m e t e r s  o f  
e q u i v a 1 e r . t  p a t h  d e l a y .  W i t h  t h e  a t m c s p h e r e ,  you a r e  l e f t  w i t h  r 
m o d e l ,  o r  a  w a t e r  v a p o r  r a d i o a e t e r  a s  a n  i n d e p e n d e n t  ha:; I i' 
cop ing  w i th  t h e  e r r o r .  
MR.. K L O B U C f I A R :  1 g u e . 3  t h a t  t h e  a n s w e r  i s  t h a t  CPS L-1 1s a good 
b a l l p a r k  t o  s t a r t  a rgu ing .  If yop) g e t  down t o  a coup1.e o f  hund r to  
megahe r t z ,  t h e  T r a n s i t  freqtrenc i e s ,  t h e n  th r  , n o s p h e r i c  e r r o r s  
p robab ly  p r edomina t e .  
W h e n  we g e t  t o  a f e w  g i g a h e r t z ,  t h e  i o n o s p h e r e  i s  n o t  s o  
i m p o r t a n t ,  a l t h o u g h  t h e  V L B I  p e o p l e  u s e  S a n d  X b a n d  t o  g e t  r i d  
o f  t h e  i o n o s p h e r e  b e c a u s e  i t ' s  a  r e l a t i v e l y  e a s y  t h i n g  t o  do .  I 
c a n ' t  s e e  $ 1 5 0 , 0 0 0  f o r  a  d u a l  f r e q u e n c y  i o n o s p h e r i c  s c h e m e .  
C e r t a i n l y  a r o u n d  ten g i g a h e r t z  you s t a r t  n o t  worryi r ig  a b o u t  t h e  
i o n o s p h e r e ,  b u t  i t ' s  a l l  r e l a t i v e ,  b e c a u s e  a  few y e a r s  ago i f  you 
g u y s  c o u l d  t r a n s f e r  t i m e  w i t h i n  a  m i c r o s e c o n d ,  e v e r y b o d y  w a s  
happy. Now you a r e  t a l k i n g  abou t  n a n o s e c c n d s ,  and i n  a  few y e a r s  
we w i l l  b e  t a l k i n g  a b o u t  p icoseconds .  come back ana s e e  u s  then .  
The i o r l o s p h e r e  wo; l t t  go  a w a y ,  and  I d o n ' t  t h i n k  t h e  w a t e r  v a p o r  
and t h e  d r y  component  o f  t h e  a t m o s p h e r e  w i l l  go  sway e i t h e r .  
M R .  KNOWLES: I h a v e  j u s t  a  m i n o r  q u i b b l e .  I t h i n k  y o u r  e s t i m a t e  
o f  150K f o r  t h a t  w a t e r  v a p o r  r a d i o m e t e r  i s  a  b i t  h i g h .  T h a t  would  
c e r t a i n l y  d e c r e a s e  when t h e y  were made on a  p r o d u c t i o n  l i n e .  
M R .  R E C C H :  I arn n o t  s o  sere a b o u t  t h a t ,  a t  l e a s t  t h e  q u a n t i t i e s .  
T h e r e  i s  a t  l e a s t  2 n e  company t h a t  i s  m a k i n g  t h e s e  d e ; l i c e s  a s  a  
c o m m e r c i a l  p r o d u c t ,  and  i n  a  c c n v e r s a t i o n  d i t h  o n e  o f  t h e i r  
r e p r e s e n t a t i v e s  a  f e w  w c e k s  a g o ,  t h a c  was  t h e  p r i c e  t h a t  was 
q u o t e d  t o  me. 
M R .  PONSONBP, JODRELL SANK, ENGI-AND: I would l i k e  t o  a s k  whe the r  
t h e  d e l a y s  t h a t  l lsve been d i s c u s s e d  a r e  r e c i p r o c a l  d e l a y s ?  Can we 
assume t h i c t  t h e  i o r  9 e r i c  d e l a y  i n  p a r t i c u l a r  I s  t h e  same f o r  
t h e  down p a t h  a s  i t  ;'or t h e  up p a t h ?  
ME.  K L O B U C H A R :  Yes ,  p e r i o d ,  and a l s o  f o r  F c r a d a y  r o t a t i o n .  I t ' s  
v e r y  i n t e r e s t i n g  t h a t  b a c k  lrhen p e o p l e  f i r s t  s t a r t e d  m e a s u r i n g  
i t ,  s o m e  p e o p l e  t h o u g h t  t h a t  you w o u l d  g e t  r o t a t i o n  i n  o n e  
d i r e c t i o n  f c r  t h e  u p - g o i n g  s i g n a l  a n d  r o t a t i o n  i n  t h e  o t h e r  
d i r e c t i o n  f o r  t h e  down-going s i g n a l  and t h u s  g e t  c a n c e l l a t i o f i  of  
t h e  r o t a t i o n .  You f o l k :  a t  J o d r e l l  Bank d i d  some  o f  t h e  e a t  
work i n  t h e t  and  know t h a t  you g e t  t w i c e  t h e  a m o u n t .  The p a t h s  
a r e  e s s e n t i a l l y  i d e n t i c a l ,  a t  l e a s t  f o r  t h e  f r e q u e n c i e s  t h a t  we 
a r e  t a l k i n g  a b o u t .  
